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Abstract 
Solvent effects in the calculation of the sublimation pressure of pure ibuprofen using high pressure 
solubility data are discussed. The solubility of ibuprofen in supercritical carbon dioxide was measured 
using a dynamic apparatus in the pressure between 80 and 130 bar and at three temperatures, 308.15, 
313.15 and 318.15 K.  With this experimental region, the mole fraction of ibuprofen in fluid phase was in 
the range from 0.015 × 10-3 - 3.261 × 10-3. The sublimation pressure PSub of the solid drug is considered 
as a parameter to be determined by regression analysis of experimental solubility data (TPy), using four 
equations of state along with two mixing rules. The equations of state are Redlich-Kwong (RK), Soave-
Redlich-Kwong (SRK), Peng-Robinson (PR) and Pazuki and some others. Mixing rules are van der 
Waals-1 parameter (vdW1) and van der Waals-2 parameter (vdW2). Correlations were compared and 
discussed on the basis of the employed equations-of-state, mixing/combining rules, the results show that 
the determination of sublimation pressure using high pressure solubility data is reliable and all systems 
lead to very good fit results, with almost identical values of AARD (Changing from 4.71% to 17.98% ).  
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1. Introduction 
Regarding to the special properties of supercritical fluids, it is simply possible to increase the solubility 
of a solid in these fluids to a great extend, by small changes in the operational conditions such as 
temperature and pressure. Taking in to this ability, supercritical fluids technology presents a new and 
interesting approach for many of applications ranging from extraction, purification, refinery, 
decontamination, particle formation, microencapsulation and many other investigation and industrial 
processes [1-3]. 
A popular applied technique to micro/nano particles formation which is widely proposed for 
pharmaceutics, biological and thermal liable components, is rapid expansion of supercritical solution [4, 
5]. Precipitated particles size distribution and morphology are function of operational conditions in the 
solubility part of RESS process. Our investigations on RESS systems had already shown that there is 
always a threshold supercritical solution pressure.  
Fitting the experimental results with an adequate mathematical has significant contribution to predict 
results with a good accuracy. The main objective of modeling is to provide a mathematical description of 
experimentally measured data that can be used to data interpolation at the other operational condition. 
Special behavior of fluids in supercritical area, make some problems in finding a wide range covering 
model.  
To predict the solubility of a solute in supercritical fluids, EOS models are widely used. Cubic EOS's 
are the simplest equations capable of predicting and representing fluid phase equilibrium. The use of this 
method requires an equation of state that well relates the variables temperature, pressure and volume and 
appropriate mixing rules to express the dependence of the equation of state parameters on concentration. 
All practical cubic equations when applied to mixtures involve the use of mixing rules which include 
empirical binary interaction parameters kij’s usually calculated from experimental phase equilibrium data. 
In applications of EOS to complex mixtures even modern mixing rules require more than one interaction 
parameter to obtain good correlation and prediction of phase equilibrium properties [6]. 
Phase equilibrium calculations of a solid dissolved in a SCF, at a pressure P and a temperature T can be 
performed using the fundamental equation of phase equilibria which leads to a simple equation that relates 
solubility y, pressure P, and temperature T. The equation also contains other properties such as the 
sublimation pressure PSub, the molar volume of the solid and the fugacity coefficient of the solid 
component in supercritical fluid ϕS .Of all these properties involved in the calculation of the solubility of 
the solid in the SCF, the sublimation pressure has received low attention in the literature, although it is 
directly related to the solubility. The molar volume does not have a strong influence on the calculations 
and the fugacity coefficient ϕS can be estimated from an appropriate equation of state and mixing rules. 
The sublimation pressure is usually small for common industrially important solids and in many cases 
available experimental techniques cannot be used to obtain accurate values [6,7]. 
Although cubic EOS's are the simplest equations capable of predicting and representing fluid phase 
equilibrium; however, semi-empirical models are often utilized because of their relative ease of 
application compared to equations of state. The most common semi-empirical models are based upon 
providing a correlation between solubility and density [8].  
In this work, the solubility of ibuprofen (at 308.15, 313.15 and 318.15 K), in SC-CO2, is correlated as a 
function of pressure using the RK, SRK, PR and Pazuki EOS’s with vdW1 and vdW2. Also, we used 
Mendez-Santiago and Teja equation to check the consistency of the experimental data. 
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2. Materials and procedure 
2.1. Materials 
Ibuprofen (Sina Daru, 99.99% purity) was used as the original component and CO2 (Roham Gaz, 
99.95%) was also used as the solvent. Ethanol (99.8%, Sigma Aldrich) was used in analytical grade form. 
2.2. Experimental set-up and operation 
The solubility of solid component in supercritical CO2 was measured by a dynamic technique at the 
pressure range between 80-130 bar and temperatures of 308.15, 313.15 and 318.15K, respectively. 
Figure 1 shows the schematic diagram of the solubility measurement apparatus. Liquid CO2 was fed to 
an HPLC pump (LC 6A, Shimadzu) through a 0.5 mP filter and compressed to the desired pressure. Then 
the compressed fluid entered into a preheating coil equipped with a temperature controller and passed 
through two constant temperature equilibrium cells, packed with the solid solute. The solute having laden 
fluid purged to the atmosphere through a regulating valve (KPR Series, Swagelok) resulting pressure 
reduction and the solute precipitation inside the valve.  
A coil and a filter were installed immediately downstream of the valve. The released CO2 volume was 
determined by passing the flow through a water saturator and a volumetric gas flow meter (KOFLOC 
Micro Gas Flow Meter, 7100NL). During each run the system pressure, before the regulating valve, was 
kept constant to within r 0.2% by adjusting the pump operation and using the regulating valve. All the 
connections and tubes are stainless steel and wrapped by wire heaters equipped with a TIC to keep 
temperatures constant. The pressure of equilibrium cells was monitored by pressure gauges (Ashcroft, 
f5503), immediately after the solution cell and before the expansion device. The sampling valve consisted 
of steel coil and two ball valves. The sampling line was kept closed during the purging step. 
After 3 minutes the purge valve was closed and the needle valves were opened in turn. A sample of 
supercritical solution was trapped into the sampling line by closing the needle valves. The sampling 
equipment (coil and valves) then separated from the system and marinated in the pure ethanol. The valves 
were opened and the CO2 was vented out and all the solute was washed out by ethanol.  
The ethanol-ibuprofen solution was prepared for GC test to determine the solute amount. The used 
CO2 amount was calculated by measuring the volume of the sampling equipments and the CO2 density at 
the operational pressure and temperature. 
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Fig. 1. Schematic diagram of the experimental apparatus. 1)gas tank, 2 )ball valve, 3,11)pressure gauge indicator, 
4,8,12,14,15,18)needle valve , 5)pump,  6)filter,  7)preheater,  9,10)equilibrium cell 13)sampling equipment 
16)throttling valve , 17)constant temperature bath. 
3. Methodology 
3.1. Modeling with equations of state 
A fundamental relationship for phase equilibrium can be used to relate fugacities of the solute in the 
solid and fluid phases as follows: 
 
SCFs ff 22                                                                                                                                           (1) 
 
Where f with superscript s stands for solid phase and SCF, for the supercritical fluid phase. For the 
supercritical fluid phase, fugacity is written as a function of solute mole fraction ( 2y ) and fugacity 
coefficient ( 2I ) [9]: 
 
Pyf SCF 222 I                                                                                                                                    (2) 
 
If the solid phase does not dissolve the SC-CO2, the solubility of the solute in the CO2-rich fluid phase 
at equilibrium can be calculated using the isofugacity criteria [6]: 
 
 
 
                                                                                                                   (3) 
 
 
 
Here, P is the equilibrium pressure, T the equilibrium temperature, subP2 the sublimation pressure of the 
solute, E the enhancement factor and sv2  is the saturated molar volume of solid solute at the equilibrium 
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temperature, SCF2I the fugacity coefficient of the solute in the fluid phase, which can be derived, from any 
EOS, by the new useful expression for deriving component fugacity coefficient from the mixture fugacity  
coefficient [10]: 
 
 
              
(4) 
 
 
 
 
In Tables 1 and 2 we have summarized the cubic EOS's and the mixing and combining rules used in 
this work. Tc, Pc and Z , calculated with Lydersen group contribution method. The estimated 
physicochemical and critical properties of solid drugs using Lydersen and the other group contribution 
methods are shown in Table3. Modeling programs were developed in MATLAB (R-2010-b) and Table 
Curve 3D version 4. 
 
Table 1. Summary of the cubic EOS's used in this work 
Authors Analytical expressions 
Redlich-Kwong (RK) 
 
Peng-Robinson (PR) 
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Table 2. Summary of the mixing and combining rules used in this work 
Authors Mixing rules 
Van der Waals-1  parameter (vdW1) 
¦¦ n
i
n
j
ijji ayya                ¦¦ n
i
n
j
ijji byyb        
   5.01 jjiiijij aaka                   2 jjiiij bbb              
Van der Waals-2  parameters (vdW2) 
  ¦¦ n
i
n
j
ijji ayya                ¦¦ n
i
n
j
ijji byyb        
   5.01 jjiiijij aaka                   2 jjiiij bbb              
 
Table 3. Physicochemical and critical properties of the ibuprofen and CO2 
Substance )(KTc  )(MPaPc  Z  13610 u molmvs  
Ibuprofen 749.7a 2.33a 0.819a 182.1b 
CO2 304.18 7.38 0.239 - 
a Estimated by Lydersen method 
b Estimated by Immirzi and Perini method 
 
 
3.2. Modeling with density-based model 
The solute’s solubility data can be conveniently correlated by using the density of the supercritical 
solvent.  
A widely used density-based model is that proposed by Mendez-Santiago-Teja. They proposed a model 
based on the theory of dilute solutions in which the so-called enhancement factor is a function of the 
density of the solvent [8]: 
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                                                                                                          (5) 
 
 
Where T is absolute temperature, E is the enhancement factor, 2y is the solute mole fraction, P is the 
total pressure (Pa), subP2 is the sublimation pressure of the solute (Pa), 1U is the density of the supercritical 
fluid (kgm-3), and A and B  are regressed constants.  
In this model, the sublimation pressure of the solid is not available; so, parameters A , B and the 
sublimation pressure of ibuprofen obtained through the regression of experimental data points. 
4. Results 
4.1. Experimental results 
The ibuprofen solubility experimental values in supercritical CO2 that are achieved in this work, are 
showed in Figure 2 for the 308.15, 313.15 and 318.15K isotherms and the pressure range of 80-130 bar. 
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Fig. 2. Experimental solubility data obtained in this work for the 308.15, 313.15 and 318.15 K isotherms and the 
pressure range of 80-130 bar. 
According to the experimental results, the mole fraction of ibuprofen in fluid phase was in the range 
from 0.015 × 10-3 - 3.261 × 10-3. As shown in figure 2, solubility is affected by the supercritical solvent 
pressure and temperature intensively.  Pressure increasing in a constant temperature causes the density 
and the solvent power increasing consequently.  In addition, the isotherms comparison, shows that the 
solubility power in a constant pressure, changes with the temperature increasingly in less than about 120 
bar (~2Pc) and decreasingly in the higher pressure ranges.   
4.2. EOS models 
The fitness function at each temperature is the percentage average absolute relative deviation 
(AARD%) between the calculated and experimental solubility.                                                                                    
The results of this work will be discussed with the graphical analysis of the correlation results. The 
solubility modeling results using four different EOS's and two different mixing rules for three isotherms 
using Lydersen group contribution method to predict critical and physicochemical properties  for 
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ibuprofen + supercritical CO2 system and considering the sublimation pressure also as an adjustable 
parameter were shown in Tables 4, 5 and 6. 
Table 4.Correlation results for the solubility of ibuprofen in SCCO2, at 308.15K, with RK, SRK, PR and pazuki 
EOS’s and vdW1 and vdW2 mixing rules 
EOS 
Parameters Mixing Rule 
pazuki PR SRK RK 
-0.2110 -0.2544 -0.7742 -0.2463 K12 
vdW1 0.1286 0.0194 4.5779e-4 0.0193 P2sub 
13.1521 13.2025 13.0721 15.0539 AARD(%) 
0.0407 -0.8169 -0.7742 -0.8687 K12 
vdW2 
0.4162 -0.6700 -0.6353 -0.3032 L12 
0.2763 3.6891e-4 4.5779e-4 0.0018 P2sub 
4.8444 4.7188 4.9152 13.2528 AARD(%) 
 
Table 5.Correlation results for the solubility of ibuprofen in SCCO2, at 313.15K, with RK, SRK, PR and pazuki 
EOS’s and vdW1 and vdW2 mixing rules 
EOS 
Parameters Mixing Rule 
pazuki PR SRK RK 
-0.1529 -0.2350 -0.2340 -0.6455 K12 
vdW1 0.9192 0.0789 0.0751 0.0091 P2sub 
8.5629 9.7679 9.8177 9.0209 AARD(%) 
-0.2299 -0.2142 -0.1425 -0.1721 K12 
vdW2 
-0.0941 0.0238 0.1067 0.3996 L12 
0.5785 0.0918 0.1476 0.2372 P2sub 
7.3402 9.5871 7.4116 7.1495 AARD(%) 
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Table 6. Correlation results for the solubility of ibuprofen in SCCO2, at 318.15K, with RK, SRK, PR and pazuki 
EOS’s and vdW1 and vdW2 mixing rules 
EOS 
Parameters 
Mixing 
Rule pazuki PR SRK RK 
-0.2910 -0.2931 -0.2947 -0.7261 K12 
vdW1 0.2650 0.0639 0.0607 0.0058 P2sub 
8.1541 9.0971 9.6459 19.7492 AARD(%) 
-0.4473 -0.1575 -0.1110 0.1449 K12 
vdW2 
-0.2569 0.1624 0.2155 0.8535 L12 
0.1618 0.1523 0.2140 0.8525 P2sub 
7.4287 7.6919 7.6121 10.4915 AARD(%) 
 
To have an overall view of the results, AARD (for all isotherms) values versus EOS's along with 
mixing rules plot for ibuprofen+SCCO2 system was shown in Figure 3. 
Tables 4, 5 and 6 show that in ibuprofen-SCCO2 system, at 308.15K, 313.15K and 318.15K using 
vdW1, pazuki EOS and using vdW2, PR, RK and pazuki EOS respectively shows better results. However, 
figure 3 reveals that using vdW1 and vdW2 mixing rules, generally, pazuki EOS makes the least AARD 
and can fit the experimental data with the present models very well. 
From the complete analysis of the results, we can conclude that vdW2 mixing rule, always produces 
better correlation results for all EOS's than vdW1. This fact is probably due to the two available adjustable 
parameters in mixing rule, which can offer a higher flexibility to the EOS model fit of the experimental 
solubility data. 
We calculated the differences between the estimated sublimation and the corresponding fitted 
sublimation pressure, at the same conditions. 
 
 
Fig. 3. Overall AARD(%) (for all isotherms) values versus EOS's along with mixing rules plot for ibuprofen+CO2 
system. 
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The best approximations for ibuprofen using both vdW1 and vdW2 were obtained with pazuki EOS at 
308.15K and 318.15K isotherms and with PR EOS at 313.15K. 
To conclude, this procedure can be helpful and provide some indications in order to select between 
different sets of estimated properties evaluated by different methods. 
We can fit first the experimental solubility results using a cubic EOS, like SRK or PR then we can 
compare the fitted value of this property with those evaluated by the several employed estimation methods 
and try to choose the closer ones. Finally, we can use these chosen sets of estimated properties in the 
correlation of experimental data, using the same EOS. This procedure is usually suggested for the 
estimation of solid’s sublimation pressure [6].  
Table7. Comparison between the correlation results, obtained by four EOS using vdW1 and vdW2 in different 
isotherms for ibuprofen considering the sublimation pressure as an adjustable parameter 
EOS Mixing rule Parameter (Pa) 
Temperature 
308.15K 313.15K 318.15K 
RK 
vdW1 
Psub estimated 0.0495 0.0897 0.1600 
Psub fitted 0.0193 0.0091 0.0058 
%ΔPsub 156.48 885.71 2658.62 
vdW2 
Psub estimated 0.0495 0.0897 0.1600 
Psub fitted 0.0018 0.2372 0.8525 
%ΔPsub 2650.00 -62.18 -81.23 
SRK 
vdW1 
Psub estimated 0.0495 0.0897 0.1600 
Psub fitted 4.5e-4 0.0751 0.0607 
%ΔPsub 10712.82 19.44 163.59 
vdW2 
Psub estimated 0.0495 0.0897 0.1604 
Psub fitted 4.5e-4 0.1476 0.2140 
%ΔPsub 10712.82 -39.23 -25.23 
PR 
vdW1 
Psub estimated 0.0495 0.0897 0.1600 
Psub fitted 0.0194 0.0789 0.0639 
%ΔPsub 155.15 13.69 150.39 
vdW2 
Psub estimated 0.0495 0.0897 0.1600 
Psub fitted 3.6e-4 0.0918 0.1523 
%ΔPsub 13317.91 -2.29 5.06 
Pazuki 
vdW1 
Psub estimated 0.0495 0.0897 0.1600 
Psub fitted 0.1286 0.9192 0.2650 
%ΔPsub -61.51 -90.24 -39.62 
vdW2 
Psub estimated 0.0495 0.0897 0.1600 
Psub fitted 0.2763 0.5785 0.1618 
%ΔPsub -82.08 -84.49 -1.11 
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Fig. 4. Experimental solubility of iboprofen in CO2 at 318.15K and correlation results obtained with RK(a), SRK(b), 
PR(c), Pazuki(d) EOSs; vdW1(….), vdW2(--)  
4.3. Density-based models 
In order to check the consistency of experimental data of the solubility of ibuprofen in SC carbon 
dioxide as a function of absolute temperature and solvent density, we used semi-empirical Mendez-
Santiago and Teja equation 
The AARD was determined for each isotherm and the constants for the semi-empirical models were 
determined by using Table Curve (v.4) program.  
Table 8 provides modeling results (regressed constants and AARD values) for the Mendez-Santiago-
Teja model. 
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Table 8. Modeling results and AARD values at various isotherms for M-S-T model 
Model T (K) Regressed Constants AARD (%) 
 
M-S-T  
 
308.15 A=1162.5514 B=3.8645 23.79 
313.15   12.82 
318.15   14.87 
5. Conclusion 
In this case, all systems lead to very good fit results, with almost identical values of AARD (changing 
from 2.31% to 17.29%). vdW2, always produces better correlation results for all EOS's than vdw1. In 
most cases, the vdW2 mixing rule seems to be sufficient to generate very good experimental fits. Pazuki 
equation along with vdW2 mixing rule is more accurate than other equations and AARD values calculated 
by Pazuki EOS less than AARD values calculated by other EOS's. 
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